The present study attempts to predict the reservoir sedimentation in 32 km region of the Tenryu River between the Hiraoka and Sakuma Dams in Japan. For numerical simulations of the reservoir sedimentation, the one-dimensional model of the Hydrologic Engineering Centre-River Analysis System (HEC-RAS) is used together with the inclusion of channel geometry, bed gradation curve, Exner-5 bed sorting mechanisms, fall velocity of the particle, and flow and sediment boundary conditions pertaining to modeling region. The modeling region of the Tenryu River is divided into 48 river stations with 47 reaches in the numerical simulations. The numerical model is calibrated using the available data for 48 years from 1957 to 2004. The formulae of sediment transport function, Manning's roughness coefficient, computational increment and fall velocity have been identified for getting the best estimation of the Sakuma Dam reservoir sedimentation. Combination of obtained sensitive parameters and erodible limits of 2 m gave the best comparison with the measured bed profile. The computed results follow the trend of measured data with a small underestimation. Although Manning's roughness coefficient has an effect on the sedimentation, no direct relation is found between the Manning's roughness coefficient and reservoir sedimentation. It is found that the temperature of water has no effect on the reservoir sedimentation.
Introduction
Reservoir sedimentation is an important research topic as it has direct application in dam construction, flow regulation, flood control, navigation, hydropower, water supply and many other issues related to environmental benefits. In recent years, a voluminous amount of research in predicting the reservoir sedimentation has been performed from empirical, semi-empirical and numerical viewpoints (Ching-Hseinm et al. 2012; Caputo and Carcione 2013; Haun et al. 2013; Tsai et al. 2014; Ahm and Yang 2015; Hosseinjanzadeh et al. 2015; Issa et al. 2016; ji et al. 2016; Lauer et al. 2016) . Chen et al. (2015) developed and demonstrated a mathematical model for sediment deposition and erosion in a river during flood events. Yin et al. (2016) used the established hydrodynamic and sediment model (Delft3D) to accurately predict the siltation in the Hengmen Eastern Access Channel (HEAC) in China during a storm surge. In our society, due to the immense importance of a river flow and impacts of designing a dam on its path, a more case-specific investigations of fluvial sediment transport, reservoir sedimentation and bathymetric changes are highly required. Sediment transport can be investigated using one-dimensional, two-dimensional and threedimensional numerical models; however, Molinas and Yang (1986) pointed out that the two-dimensional and three-dimensional models require a large data for calibration and an excessive computational time, whereas one-dimensional model can solve the problem with a lesser computational resource. In the system of river flow, the length scale is very large in comparison with the width scale; therefore, it can be assumed that the flow is dominantly in one direction and a one-dimensional model can deliver accurate results in the simulations of sediment transport; however, the sediment sorting in meandering river cannot be modeled with a one-dimensional model.
The sediment reaching the reservoir per unit time is expressed as a summation of bed load and suspended load. The sediment dynamics depend on the shape, size and type of sediment particles, drainage area, climate change, flood magnitude, slope of the river basin, vegetation in the catchment area, braided river system and several other factors (Morris and Fan 1998) . Apart from this, the discharge of sediment is also affected by turbulence characteristics of flow, grain-size distribution of bed material, armoring of bed, hydrological cycle, temperature of water, cross-sectional shape of channel, bed roughness and other features (Yang 2006) . Palmieri et al. (2003) considered 4000 dams together with their approximate reservoir volume of 7000 km 3 and showed that almost 45 km 3 (0.5-1%) volume of water storage was lost annually due to the sedimentation. Haq and Abbas (2007) found that the Tarbela reservoir of Pakistan, which was built in 1974 with the initial storage capacity of 14.34 km 3 , is receiving a sediment volume of 0.132 km 3 annually and without proper sediment inflow countermeasures, the dam would lose its useful life in less than a century (Beebo and Bilal 2012) . The decrease in reservoir storage due to sediment deposits has a significant impact on the water supply to irrigation and drinking water, which can ascertained by the example of the Camaré irrigation reservoir in Venezuela, where the storage volume was exhausted in just 15 years (Morris and Fan 1998; Beebo and Bilal 2012; Harb 2013) . Therefore, indeed, it is important to implement the best real-life sediment management practices in other existing important reservoirs and the Sakuma Dam is one of them which is located on the Tenryu River in Japan. Chaishi et al. (2002) studied the accumulation of sediment and its countermeasures in the Sakuma Dam reservoir. Okano et al. (2005) discussed the sediment deposition in the reservoir of the Sakuma Dam and its effect on the bed changes of the Tenryu River. The sloping terrain and frail geological composition of the catchment area are responsible for the large sediment discharge into the Tenryu River, and it was observed that the sediment concentration is small in the discharged water from the Sakuma Dam; therefore, in the downstream of the dam, the river bed is eroded for energy balance and results in 1-1.5 m degradation of the bed (Sato and Liu 2008) . The eroded sand bypassing at the Sakuma Dam against the decay of the Tenryu River delta coast was investigated by Miyahara et al. (2010) . Huang (2011) proposed a new relationship between suspended sediment and the carrying capacity of the channel together with the morphological characteristics of the Sakuma Dam. Using the Hydrologic Engineering Centre-River Analysis System (HEC-RAS), numerical simulations of bathymetric changes in the Tenryu River due to reservoir sedimentation of the Sakuma Dam were carried out by Beebo and Bilal (2012) .
Apart from the aforementioned studies, it needs to be mentioned here that till date, a comprehensive study on the reservoir sedimentation of the Sakuma Dam has not been carried out by including various bed gradation curves, bed sorting mechanisms, channel geometry, roughness coefficients, sediment transport functions, temperature of water, and flow and sediment boundary conditions. This paper aims at carrying out a detailed numerical study of the Sakuma Dam reservoir sedimentation using the one-dimensional model HEC-RAS. The paper is organized as follows. The detailed methodology of numerical simulations is presented in Sect. 2. A short description of the Sakuma Dam and its relevant features are given in Sect. 3. The calibration of the model with field measurements is explained in Sect. 4. The obtained results and the corresponding discussion are presented in Sect. 5. A summary of conclusions is provided at the end of the paper.
Methodology

HEC-RAS
The HEC-RAS model was developed by the Hydrologic Engineering Center, which is a part of the Institute for Water Resources, U S Army Corps of Engineers, Davis, California. The software was released in 1995, and initially it was a one-dimensional numerical model for the computation of water surface profiles in steady and unsteady flow in a nonprismatic channel together with gradually varied profile, rapidly varied profile and mixed profile. After that, HEC-RAS was enhanced for the analysis of water quality and the computation of sediment transport together with the movable boundary condition. The advantage of HEC-RAS is that it is developed based on an object-oriented programming and the objects are shared by different subroutines without data duplication (Brunner 2002a, b) . In this paper, HEC-RAS 5.0 Beta version which was launched in October 2014 was used for the numerical simulations.
Governing equations
The one-dimensional Saint-Venant equations were the governing equations for this study. For unsteady flow in a prismatic open channel with erodible sediment bed, the continuity equation of flowing water can be written as and the momentum equation of water flow as follows where x is the flow direction, t is the time, A is the cross section, V is the average flow velocity, Q is the discharge in the channel, q l is the lateral discharge per unit length along the channel, − z x is the channel bottom slope and S f is the slope of frictional loss. Apart from Eqs. (1) and (2), the Exner equation states the conservation of mass and it is applied to the sediment volume in fluvial flow. The Exner equation is written as where η is the bed elevation, λ is the bed porosity and Q s is the sediment flux. Equation (3) is solved by computing the sediment transport capacity in the control volume and comparing it with the sediment inflow into the control volume. The greater and lesser values of sediment transport capacity in comparison with the incoming discharge result in erosion and deposition of the sediment bed, respectively.
Numerical scheme
HEC-RAS uses Preissmann Scheme, which is a four-point implicit finite difference scheme developed for the discretization of the governing equations (Brunner 2002a, b) . Moreover, the scheme can be used for spatial discretization of the variable. A schematic diagram of the finite difference grid is shown in Fig. 1 . The implicit finite difference scheme with a weighted factor α is given by
In Eqs. (4)- (8), f represents dependent variables V, h and η, etc., and the steep wave fronts can be computed by varying the weighting factor α. The finite difference scheme is unstable for α < 0.5, conditionally stable for α = 0.5 and unconditionally stable for 0.5 < α < 1.
Input data
This section describes the geometric data, hydraulic boundary condition, sediment data and sediment boundary condition which are the inputs required for modeling with HEC-RAS. 
Geometric data
The geometric data required to create a model in HEC-RAS consist multiple cross sections of a river and reach in between them. The cross sections are linked together to create the modeling region of the river. A scaled diagram of the modeling region was created in HEC-RAS; however, due to the one-dimensional nature, the diagram shows only the sequence of the cross sections.
Hydraulic boundary conditions
In this study, the simulations of sediment transport were carried out by the quasi-unsteady hydraulic data. The types of flow boundary conditions available in HEC-RAS include Flow Series, Lateral Flow Series, Uniform Lateral Flow, Normal Depth, Stage Series, Rating Curve, and Time Series Gate Openings. Moreover, the water temperature needs to be provided to run a sediment transport model. Further, HEC-RAS uses a hydrodynamic simplification called quasi-unsteady approximation which converts the continuous hydrograph into a series of discrete steady flow profiles. For convenience, a schematic diagram of approximation is shown in Fig. 2 .
The quasi-unsteady flow was selected due to its faster execution. Each steady flow profile was divided into three time steps such as computational increment, mixing time step and flow duration. Bathymetric changes and hydraulic parameters were kept constant throughout the mixing time step within a computational increment. The bathymetric changes due to the erosion and deposition of sediment change the composition of bed mixing layers (active or inactive layers). The flow rating curve is the discharge-depth relationship of the dam, and it was described in a simplified manner to yield the appropriate flow between the minimum and maximum water levels in the dam. The present study has considered flow series and rating curve as upstream and downstream flow boundary conditions. The direct runoff hydrograph (Beebo and Bilal 2012) as shown in Fig. 3a was used as the upstream boundary condition at RS 100, and flow rating curve (Beebo and Bilal 2012) as shown in Fig. 3b was used as the downstream boundary condition at RS 53. 
Sediment data
The sediment data include sediment transport functions, particle fall velocity, bed gradation, sorting of bed sediment and boundary conditions which are described in this section. Several sediment transport functions are available in HEC-RAS for the computation of the sediment transport capacity. Besides this, the concentration of suspended sediment depends on particle fall velocity. The higher the fall velocity the smaller the concentration and vice versa. Fall velocity depends on Corey (1949) shape factor defined by sf = c∕ √ ab where, a, b and c are longest, intermediate and shortest axes of the particle treated as an ellipsoid, respectively. The relative mass density of particle was taken as 2.65, and the value of sf was taken as 0.6. Apart from this, the densities of sand, silt and clay were taken as 1489, 1041 and 480 kg/m 3 , respectively. For each test reach in the model, the cross sections are presented along with the invert elevation of the lowest point in each cross section. This section also allows inputs for erodible cross-sectional limits which are assumed as 2 m interior for both the bank stations. One can control the limits of bed erosion of a cross section by a maximum depth or a minimum elevation as well as making boundaries for the left or right bank (Brunner 2010 Jan-59 Jan-61 Jan-63 Jan-65 Jan-67 Jan-69 Jan-71 Jan-73 Jan-75 Jan-77 Jan-79 Jan-81 Jan-83 Jan-85 Jan-87 Jan-89 Jan-91 Jan-93 Jan-95 Jan-97 Jan-99 Jan-01 Jan-03
Flow ( Maximum depth of sediment control volume was considered as 10 m. After setting the allowable scour area, a bed gradation curve can be inserted based on either percentage finer or grain-sizes fraction by weight. The bed gradation input in HEC-RAS was based on twenty predefined grain-sizes. Bed sorting and armoring are possible in the bed layer. The sorting process available in HEC-RAS is the Exner-5 method which divides the bed layer into inactive layer and active layer or the sediment mixing layer. The active layer is further divided into cover layer and subsurface layer. The deposition and erosion of sediment occur in the cover layer; however, sediment transport computation is done in the subsurface layer for a given time step. The active layer thickness was assumed as the grain-size d 90 which gives accurate results for the gravel bed.
Sediment boundary conditions
Sediment boundary condition controls the amount of sediment passing through a cross section. The boundary condition is required for the first and last cross sections and can be optionally applied to any additional cross section. The sediment boundary condition options are equilibrium load, rating curve, point load and distributed loads. These boundary conditions are useful in describing the very complex sediment loading in a system. Equilibrium load implies no aggradation or degradation, whereas the sediment rating curve indicates the amount of sediment load leaving from the system at a given time. At the end, HEC-RAS calculates the bed profile starting at the most downstream cross section and marches in the upstream direction, making bed change calculations based upon transport function, sediment properties and other hydraulic parameters till it reaches the most upstream river station. For the Tenryu River model, an equilibrium load was selected as the upstream boundary condition (RS 100) and a sediment rating curve was selected as the downstream boundary condition at RS 53 (Fig. 4) .
Sakuma Dam
The Sakuma Dam is built for the hydropower generation on the Tenryu River. The length and height of the dam are 293.5 and 155.5 m, respectively. The dam is located in Toyone city in the Kitashitara district on the border of Aichi Prefecture. The Sakuma Dam is a concrete gravity dam situated 70 km upstream of the river mouth. The Sakuma Dam was /year after dam construction. Since 1957, the dam has been facing the severe sedimentation problems and resulting in the rapid reduction of storage capacity. It is observed that in a year, an average amount 2 × 10 6 m 3 of sediment is retained. Palmieri et al. (2003) reported that the reservoir sedimentation caused a loss of 35% of the storage capacity of the Sakuma Dam reservoir by the year 2000. Due to the sediment retention, the life of the dam is reducing Fig. 5 Tenryu River between the Hikora and Sakuma Dams alarmingly as well as creating a severe erosion in the downstream of the dam. The water discharged from the Sakuma dam has lesser sediment concentration; therefore, the flow is eroding the downstream river bed which has been degraded 1-1.5 m as reported by Sato and Liu (2008) .
Sedimentation modeling using HEC-RAS
In this section, the selection of modeling features required in HEC-RAS simulation is discussed. To specify the geometric data, the model section of the Tenryu River was divided into 48 river stations. A scaled plan view of the modeling region created by the HEC-RAS is shown in Fig. 6 and due to one-dimensional characteristic, only the sequence of the cross sections can be seen. Satellite pictures of actual locations of cross sections on the river are shown in Fig. 7 . The most upstream cross section, the river station (RS) 100, is located at the Hiraoka Dam and the most downstream river station RS 53 is located at the Sakuma Dam. A not-to-scale schematic elevation diagram of the modeled region is shown in Fig. 8 . The average distance between two river stations is about 680 m. After adding the coordinates of cross sections, the data of the downstream test reach length of left over bank, main channel and right over bank and are given as input. The Manning's roughness coefficient n was varied between 0.02 and 0.04 for LOB (left over bank), main channel and ROB (right over bank). The coefficients of contraction and extraction were considered as 0.1 and 0.3, respectively. It needs to be mentioned here that the trapezoidal geometrical shape was assumed for all cross sections. The details of input geometric data to perform simulations are given in Table 1 (Beebo and Bilal 2012) . The direct runoff hydrograph and flow rating curve of Beebo and Bilal (2012) were used as hydraulic boundary conditions at upstream RS 100 and downstream RS 53, respectively. For the fall velocity, the formula of van Rijn (1993) was used since it matches with the conditions of the Tenryu River (Brunner 2002a, b) . Moreover, van Rijn (1993) used the shape factor as 0.7 which is the same as for natural sand (Jiménez and Madsen 2003) . The Exner-5 sorting method was chosen since it simulates the real sorting.
The bed gradation data of the Tenryu River in the year 1957 are not known; however, Morris and Fan (1998) presented the bed gradation curves for the river bed in the year 1982. It is assumed initially that the bed gradation in the year 1957 is the same as in the year 1982. In the present study, four samples (O1, O2, O3 and O4) of bed gradation (Fig. 9) given by Morris and Fan (1998) were considered as compared to Beebo and Bilal (2012) who considered only two bed gradation samples (O3, O4). The bed gradation samples are taken as (1) O4 in RS 100-RS 95, (2) O3 in RS 94-RS 85, (3) O2 in RS 84-RS 77 and (4) O1 in RS 76-RS 53 since Morris and Fan (1998) reported that the sediment size of the river bed decreases with increasing streamwise distance while specifying sediment data. HEC-RAS requires the width and vertical thickness (erodible limits) of control volume, which are not available in Beebo and Bilal (2012) . In this study, the width was chosen as 2 m interior for the left and right bank stations, whereas the vertical thickness in terms of either maximum depth or minimum elevation was considered as 10 m. The vertical thicknesses of control volumes at each cross section are given in Table 2 . An equilibrium load was selected as the upstream sediment boundary condition at RS 100, and a sediment rating curve provided by Beebo and Bilal (2012) was taken as the downstream sediment boundary condition at RS 53.
Results and discussion
The study of a thorough sensitivity analysis is difficult due to the availability of limited data regarding bed gradation curves of the Tenryu River. Bed gradation curves are available at Rubey (1933) method is also used in the present research to model fall velocity. Exner-5 is chosen as sorting method. Bed gradation samples O1, O2, O3 and O4 at the river cross sections are kept same throughout the simulations. After inputting the data in the HEC-RAS as discussed in Sect. 4, the effects of computational increment, sediment transport function, roughness coefficient, temperature of water, fall velocity and maximum depth of control volume are studied for their sensitivity on the bathymetric changes.
Computational increment
The numerical simulations of reservoir sedimentation are made with varying computational increment. In the simulations, sediment transport function, fall velocity and sorting method are kept constant. The computational increment is varied from 10 days to 6 h, and it is found that the simulation results are sensitive to the varying computational increment; therefore, an optimum computational time step needs to be determined for a particular sediment transport function. The Engelund and Hasen (1967) transport function is selected because it is giving better results as compared to other sediment transport functions. Engelund and Hasen (1967) transport function is discussed in the next subsection. The computational increments are used as 10, 5 days, 24, 18, 15, 12, 9 and 6 h. The comparisons between the computed results and available sediment spatial data in years 1975, 1998 and 2004 are shown in Fig. 10 , and the same results are observed for the computational increments less than or equal to 24 h. Therefore, the computational increment is selected as 24 h in the present simulations.
Sediment transport function
The sediment transport functions used in the numerical simulations of the Tenryu River are (1) Meyer-Peter and Muller (1948) , (2) Laursen (1958) , (3) Engelund and Hansen (1967) , (4) Toffaleti (1968), (5) Ackers and White (1973) , (6) Yang (1973) , (7) Wilcock and Crowe (2003) and (8) Wong and Parker (2006) . The comparisons between the computed results 77  220  220  2619  2815  O2  76  214  214  1663  1919  O1  75  209  209  1432  1567  O1  74  206  206  2141  2298  O1  73  201  201  2884  3054  O1  72  193  10  3448  3610  O1  71  188.5  188.5  2989  3207  O1  70  180  180  3674  3812  O1  69  178  10  2766  2966  O1  68  173  10  2161  2405  O1  67  167  167  1882  2083  O1  66  163  163  2119  2342  O1  65  158  10  1287  1531  O1  64  152  10  398  631  O1  63  150  150  102  340  O1  62  146  146  694  950  O1  61  141  141  598  937  O1  60  139  10  953  1215  O1  59  136  10  854  1248  O1  58  133.3  10  744  1125  O1  57  130.6  10  556  930  O1  56  128  128  364  726  O1  55  125.3  125.3  321  630  O1 and the measured data in years 1975, 1998 and 2004 are shown in Fig. 11 . It is observed that the sediment transport function of Engelund and Hansen (1967) , which is applicable for sandy river beds with sediment median size between 0.19 and 0.93 mm, is more accurate as compared to the other sediment transport functions. In contrary, Beebo and Bilal (2012) ranked the sediment transport functions of Toffaleti (1968) and Engelund and Hansen (1967) as first and second, respectively, for accurately predicting sediment transport in the Tenryu River between the Hikora and Sakuma Dams. In the present study, the (1948) for MeyerPeter and Muller (1948), L (1958) for Laursen (1958 ), EH (1967 for Engelund and Hansen (1967), T (1968) for Toffaleti (1968) , AW (1973) for Ackers and White (1973), Y (1973) for Yang (1973) , WC (2003) for Wilcock and Crowe (2003) and WP (2006) for Wong and Parker (2006) sediment transport function of Wilcock and Crowe (2003) provides the next best result in comparison with Engelund and Hansen (1967) . The Wilcock and Crowe (2003) method found to be sensitive to sand content in the bed on basis that decrease in sand content decreases the sediment transport.
Manning's roughness coefficient
In the modeled region of the Tenryu River, the Manning's roughness coefficient n varies between 0.03 and 0.04 (Beebo and Bilal 2012) . In this study, n is varied from 0.018 to 0.04 to investigate the effect of roughness on the reservoir sedimentation. The comparisons between the simulated results and the measured data in years 1975, 1998 and 2004 are shown in Fig. 12 . It is found that the decreasing value of n from 0.04 to 0.02 leads the simulated bed profile closer to observed data, and its further decreased value (n = 0.018) results in increasing the deviation between computed and observed profiles. Too low values of n are causing high erosion and resulting high sediment transport rates due to higher flow velocities. It is clear from Fig. 12 that n = 0.02 gives the most accurate comparison. Very important observation found in the present study is the nonlinear relation between Manning's roughness coefficient and reservoir sedimentation.
Temperature of water
The viscosity of water is inversely proportional to its temperature. Hence, an increase or decrease in temperature has an effect on the bed shear stress as well as on the fall velocity of the sediment particle which depends on water viscosity. The bed shear stress increases with decreasing water temperature; therefore, lower temperature of flowing water produces higher erosion, whereas sediment particle fall velocity increases with increase in temperature, i.e., sediment deposition increases with increase in temperature. Therefore, it may be concluded that higher reservoir sedimentation occurs with higher water temperature in the reservoir. Beebo and Bilal (2012) considered the average monthly temperature, T, in the region around Sakuma Dam as the temperature of flowing water in the Tenryu River. In addition, in the present study, the effect of temperature on the reservoir sedimentation in Sakuma Dam is studied by adding increments or decrements of 5 °C (T ± 5) to the local temperature. The comparisons between the simulated results and the measured bed profiles in 1975, 1998 and 2004 are shown in Fig. 13 . It is observed that computed sediment spatial plot approaching the measured data of the Tenryu River with 5 °C change in the local temperature. Further change in the temperature increased the deviation between computed and observed sediment bed spatial plots. The important finding in this study is that the influence of temperature on the sediment routing model is not significant. Beebo and Bilal (2012) found that the sediment transport function of Toffaleti (1968) which is a function of temperature (Brunner 2010) gives better result. Therefore, according to Beebo and Bilal (2012) , computed sediment spatial profiles have to be dependent on the temperature. In contrary, the present study demonstrated that reservoir sedimentation is independent of temperature.
Fall velocity
The effect of fall velocity on the reservoir sedimentation is carried out for the specified sediment transport function of Engelund and Hansen (1967) . The Manning's roughness coefficient and computational increment time are considered as 0.02 and 24 h, respectively. Exner-5 is used as sediment sorting method. Different theories of fall velocity considered in this study are (1) Rubey (1933) , (2) Report-12 (1957) , ( ) for Rubey (1933 Rubey ( ), R (1957 for Report-12 (1957) , T (1968) for Toffaleti (1968 Toffaleti ( ), D (1982 for Dietrich (1982) and V (1993) for van Rijn (1993) section of the Tenryu River falls in the range of natural sand which has a shape factor of 0.7 (Jiménez and Madsen 2003) . Van Rijn fall velocity method uses a shape factor of 0.7 (Brunner, 2010) which could be the reason for its better performance. Results with Rubey model are as good as van Rijn model because both models designed for non-spherical silt, sand and gravel particles.
Sediment control volume dimensions
Previous consideration of maximum depth of 10 m at RS 57, 58, 59, 60, 64, 65, 68, 69 and 72 is changed to respective minimum channel elevations. Simulated profiles were compared with observed profiles by varying erodible widths from 1 m to 8 m at 2 m internal inwards to the bank stations and also compared with the profile of maximum erodible depth of 10 m. In this part of the study, earlier obtained sensitive parameters of the model were not changed throughout the simulations. Figure 15 shows that comparison between computed sediment spatial plots with erodible widths of 2 m and measured bed profiles is better than the other erodible limits.
Conclusions
Numerical modeling of sediment transport using HEC-RAS is carried out for the Tenryu River between the Hiraoka and Sakuma Dams. The modeled length of the Tenryu River about 32 km is divided into 48 river stations and 47 reaches. The numerical simulations have been undertaken with varying sediment transport functions, computational increments, roughness coefficients, temperature of flow water and fall velocity models. The mathematical model is calibrated with the available monthly flows of 48 year data between 1957 and 2004. In the calibration study, the available bed gradation curves, channel geometry, Exner-5 sorting method, flow boundary conditions and sediment boundary conditions are kept constant. The computed bed profiles are compared with actual measured sediment bed spatial data for the years 1975, 1998 and 2004 . The correct values of computational increment and Manning's roughness coefficient are identified as 24 h and 0.02, respectively, for the modeled section of the Tenryu River. In addition, the most suitable formulae of sediment transport function and fall velocity for the Tenryu River are found as Engelund and Hansen (1967) and van Rijn (1993) , respectively. The Wilcock-Crowe (2003) formula also gave reasonable results next to Engelund-Hansen (1967) sediment transport function. The bathymetric changes computed using HEC-RAS are reasonable; however, the occurrence of underestimated values might be due to unknown parameters such as locations of sluice gates, reservoir operating rules, presence of cohesive sediments, flow turbulence and the effect of the upper reservoir. A major finding in this study is that the temperature of water has no effect on the reservoir sedimentation. Although, Manning's roughness coefficient has an effect on the sedimentation, no direct relation is found between the Manning's roughness coefficient and reservoir sedimentation. Van Rijn and Rubey fall velocity models are giving good results for sediment sizes available in the Tenryu River. Combination of Engelund-Hansen (1967) transport function, Manning's roughness coefficient of 0.02, computational increment of 24 h, van Rijn fall velocity and erodible limits of 2 m gave the best comparison with the measured bed profile. Finally, it can be concluded that the present study is useful for the prediction of reservoir sedimentation in the Sakuma Dam.
